Aim: To study the effects of tanshinone IIA (TIIA) on lipopolysaccharide (LPS)-induced acute lung injury in mice and the underlying mechanisms. Methods: Mice were injected with LPS (10 mg/kg, ip), then treated with TIIA (10 mg/kg, ip). Seven hours after LPS injection, the lungs were collected for histological study. Protein, LDH, TNF-α and IL-1β levels in bronchoalveolar lavage fluid (BALF) and myeloperoxidase (MPO) activity in lungs were measured. Cell apoptosis and Bcl-2, caspase-3, NF-κB and HIF-1α expression in lungs were assayed. Results: LPS caused marked histological changes in lungs, accompanied by significantly increased lung W/D ratio, protein content and LDH level in BALF, and Evans blue leakage. LPS markedly increased neutrophil infiltration in lungs and inflammatory cytokines in BALF. Furthermore, LPS induced cell apoptosis in lungs, as evidenced by increased TUNEL-positive cells, decreased Bcl-2 content and increased cleaved caspase-3 content. Moreover, LPS significantly increased the expression of NF-κB and HIF-1α in lungs. Treatment of LPS-injected mice with TIIA significantly alleviated these pathological changes in lungs. Conclusion: TIIA alleviates LPS-induced acute lung injury in mice by suppressing inflammatory responses and apoptosis, which is mediated via inhibition of the NF-κB and HIF-1α pathways.
Introduction
Acute lung injury (ALI), a severe complication with high rates of morbidity and mortality caused by stress situations such as trauma, burns and sepsis, is characterized by alveolar-capillary membrane damage. Serious ALI can lead to acute respiratory distress syndrome (ARDS) [1] , respiratory failure [2] , and ultimately death. Despite recent improvements in therapies and tools, the prognosis of patients with ALI/ARDS remains poor. Therefore, there is an urgent need to develop novel therapies to improve the treatment of ALI/ARDS.
The pathophysiological mechanism of ALI is complex. The inflammatory response is a crucial process during this period. Inflammatory cells, primarily neutrophils, first accumulate and are activated in the lung [3] [4] [5] . Simultaneously, proinflammatory cytokines, such as TNF-α and IL-1β, are produced mainly by inflammatory cells and are found at high levels in the lung. Both neutrophils and inflammatory cytokines can directly or indirectly damage lung cells. Moreover, earlier studies have shown that apoptosis of lung epithelial cells and pulmonary capillary endothelial cells, regulated mainly by the caspase family and Bcl-2 family, represent a potentially important mechanism in the development of ALI [6] . Results show that the activation of NF-κB and HIf-1 [7] signaling pathways is an important step in modulating ALI.
Tanshinone IIA (TIIA), a phenanthrenequinone derivative extracted from Salvia miltiorrhiza Bunge, is widely used in China for the treatment of many diseases. TIIA may exert a series of biochemical effects, such as anti-oxidant and antiinflammatory effects. Our previous work has demonstrated that TIIA was able to alleviate ALI induced by lipopolysaccharide (LPS) [8, 9] and seawater exposure [10] [11] [12] [13] , indicating that TIIA may be a potential agent to treat ALI. Although we have previously found that TIIA was able to prevent the occurrence of ALI to a certain extent with a pretreatment method, little is known about its therapeutic effect. The development of ALI is a cascade reaction, which is involved in many mechanisms; as a result, although pretreatment with TIIA may attenuate lung injury, it is unclear whether it has therapeutic effects when lung injury has already occurred. However, as most patients in hospitals have already been diagnosed with ALI rather than are at risk of developing ALI, there is also a tremendous need to explore the therapeutic effect of TIIA on lung injury. In the present study, to accelerate its clinical use, we examined whether TIIA was able to therapeutically reduce LPS-induced ALI and explored the underlying molecular mechanisms in mice. Our results demonstrate that TIIA alleviated LPS-induced lung injury, attenuated lung inflammatory responses, and reduced lung cell apoptosis, which was via the inhibition of NF-κB and HIf-1α signaling pathways.
Materials and methods

Chemicals
Tanshinone IIA (sulfonate, purity is 99%) was purchased from National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The structure of TIIA is shown in figure 1 . The kit for determining myeloperoxidase (MPO) activity was obtained from Jiancheng Bioengineering Institute (Nanjing, China). Enzyme-linked immunosorbent assay (ELISA) kits for TNF-α and IL-1β were obtained from R&D Systems (Minneapolis, MN, USA). In situ cell death detection kits and proteinase were obtained from Roche Molecular Biochemicals (Indianapolis, IN, USA). Bcl-2 and caspase-3 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies specific for total and phosphorylated NF-κB, and HIF-1α were purchased form Millipore (Bedford, MA, USA). Monoclonal β-actin antibody, Escherichia coli endotoxin LPS (O55:B5), Evans blue dye and all the other reagents were obtained from Sigma-Aldrich Inc (St Louis, MO, USA). The purity of all chemical reagents was at least in analytical grade.
Animal preparation
Male BALB/c mice, which weighed 18-22 g, were obtained from the Animal Center (the 88th Hospital of PLA, Taian, China). Mice were kept in a temperature-controlled house with 12-h light-dark cycles and were fed standard laboratory diet and water ad libitum. All experiments were approved by Animal Care and Use Committee at the 88th Hospital of PLA and were in accordance with the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No 85-23, revised 1985) .
Model and grouping
Mice were randomly divided into four groups: 1) saline control group (n=18): mice received saline 1 h after the first saline administration; 2) TIIA control group (n=18): mice received TIIA (10 mg/kg) 1 h after saline administration; 3) LPS group (n=18): mice received saline 1 h after LPS (10 mg/kg) administration; and 4) LPS/TIIA group (n=18): mice received TIIA (10 mg/kg) 1 h after LPS (10 mg/kg) administration. In all groups, administration was via intraperitoneal injection and all measurements were made 7 h after LPS administration. The current dose of TIIA and timing of TIIA administration were applied on the basis of our preliminary experiments [8] . At the end of the experiments, blood samples were obtained to analyze blood gases. We selected mice that met the standard of ALI for the subsequent assays.
Histological study
At the end of experiment, the right lungs of all groups (n=6, respectively) were removed and fixed with 4% paraformaldehyde. The tissue blocks obtained from midsagittal slices of the lungs were stained with hematoxylin-eosin (H&E) to characterize lung injury under a microscope. Sections were scored for edema, neutrophil infiltration, hemorrhage, bronchiole epithelial desquamation and hyaline membrane formation according to previous reports [14, 15] .
Wet-to-dry weight ratio (W/D)
At the end of the experiment, after lungs were separated from the thoracic cavity, the left lungs (n=6, respectively) were weighed, then dried to constant weight at 50 °C for 72 h and weighed again. The ratio of W/D was finally calculated by dividing the wet weight by the dry weight.
MPO assay
At the end of the experiment, the left lungs (n=6, respectively) were removed from mice of all groups and homogenized. The homogenates were then used to measure MPO activity. Briefly, the weighed lungs were frozen and homogenized in homogenate medium. The homogenates were then performed according to the manufacturer's instructions. The final reagents were then placed in a spectrophotometer for reading at 460 nm.
Preparation of bronchoalveolar lavage fluid (BALF) and measure ments At the end of the experiment, bronchoalveolar lavage was performed [1 mL of phosphate-buffered saline (PBS, 140 mmol/L NaCl, 3 mmol/L KCl, 6 mmol/L Na 2 HPO4, and 1 mmol/L KH 2 PO4, pH 7.4) three times] in all groups (n=6, respectively). In each mouse, 90% (2.7 mL) of the total injected volume was consistently recovered. After BALf was centrifuged at 450×g for 10 min, total and differential cell counts and protein concentration in the BALf were determined from the cell fraction [16, 17] . The supernatant was used for measurements of LDH and inflammatory cytokines (TNF-α and IL-1β) by ELISA according to the corresponding manufacturer's instructions.
TUNEL staining
Paraffin-embedded tissue slices were dewaxed, washed with PBS, and digested with proteinase K in the wet box for 30 min at 37 ºC. After being washed with PBS, the slides were dipped in TUNEL reaction mixture, and then incubated for 1 h at 37 ºC in the wet box. After washing, the sections were incubated with converter-AP for 30 min at 37 ºC in the wet box, and then washed with PBS. Subsequently, the sections were stained with NBT/BCIP substrate solution for 1 h, and signals were observed with a microscope. All cells with purple nuclei were considered to be dead.
Protein extraction and Western blotting
Tissues from the right lungs (n=6) were removed from mice from all groups, washed with ice-cold PBS, homogenated and pelleted by centrifugation. Whole-cell extracts were prepared using lysis buffer [100 mmol/L Tris, 5 mmol/L EDTA, 1% Triton X-100, 1% deoxycholate acid, 0.1% SDS, 2 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L sodium orthovanadate, 2 mmol/L DTT, 20 μg/mL leupeptin, and 20 μg/mL pepstatin (pH 7.4)]. After protein concentrations were assayed using BCA assay, 50 μg protein was boiled in loading buffer, resolved on 10% SDS-polyacrylamide gels, electrotransferred to nitrocellulose membranes, and subjected to immunoblotting analysis. Monoclonal HIF-1α antibody was used at a dilution of 1:200 and anti-β-actin antibody was used at a dilution of 1:10 000. Bcl-2, caspase-3, p-NF-κB, and total-NF-κB antibodies were diluted at 1:1000. The blots were blocked in 1× Trisbuffered saline plus Tween 20 containing 5% nonfat dry milk for 2 h at room temperature, followed by an incubation with the appropriately diluted primary antibodies overnight at 4 °C. Immunoreactivity was visualized with corresponding peroxidase-conjugated secondary antibodies and the relative content of target proteins was detected by chemiluminescence.
Statistical analysis
Data are expressed as the mean±SEM from three replicate experiments, and statistical analysis (SPSS 15.0) was performed with analysis of variance (ANOVA), followed by Dunnett's test for multiple comparisons. Differences were considered statistically significant if P<0.05.
Results
TIIA improved LPSmediated lung histopathologic changes
To investigate the therapeutic effect of TIIA on lung injury, we first observed the histological changes in the lung by microscope. Results showed that normal lung tissue structure and clear pulmonary alveoli were observed in saline and in TIIA control groups ( figure 2A and 2B) . LPS administration caused acute inflammation, congestion and edema ( figure 2C ). By contrast, compared with the LPS group, TIIA treatment significantly reduced the destruction of lung structure in the LPS/ TIIA group (figure 2D). Lung injury scores are presented in Table 1 .
TIIA alleviated LPSinduced lung injury
To evaluate the ALI model, various parameters related to the acute phase response, such as cell injury, lung edema, vascular and protein leakage were determined. first, we used BALf LDH content to assess the extent of cell injury in ALI model. Results showed that there were no differences in BALf LDH Next, we measured the lung W/D ratio to assess the lung water content and edema. Results showed that no significant differences were observed between saline and TIIA control groups, whereas the lung W/D ratio was markedly increased in the LPS group compared with the control group (figure 3B, P<0.05), but was significantly reduced in the LPS/TIIA group ( figure 3B, P<0.05) .
The leak index of Evans blue was then used to measure the epithelial-endothelial barrier function. figure 3C summarizes the analyzed data of Evans blue leakage. Vascular leakage was clearly elevated in the LPS group ( figure 3C, P<0.01) . Compared with the LPS group, Evans blue leakage was significantly decreased as a result of the treatment with TIIA in the LPS/TIIA group (figure 3C, P<0.05).
As protein content in BALf denotes the severity of lung permeability, protein leakage from blood vessels and lung injury, we therefore measured BALf protein content ( figure 3D ). LPS administration increased protein amount in BALf (figure 3D, P<0.01), but TIIA attenuated BALf protein in the LPS/TIIA group ( figure 3D, P<0.05 ).
TIIA attenuated LPSinduced lung inflammatory response
In the present study, we measured neutrophil infiltration and inflammatory cytokines to assess lung inflammatory response. To assess neutrophil infiltration into the lungs, we investigated MPO activity in lung homogenates ( figure 4A ) and neutrophils in BALF ( Figure 4B ). We found that no significant differences in MPO activity and BALf neutrophils were observed between saline-and TIIA-treated groups. furthermore, lung MPO activity and BALf neutrophils were markedly increased by LPS administration compared with saline administration (P<0.01, respectively), whereas their levels were significantly reduced in the LPS/TIIA group (P<0.05 and P<0.01, respectively).
Next, we measured the levels of inflammatory cytokines such as TNF-α and IL-1β by ELISA. As shown in Figure 4C and 4D, we observed that TNF-α and IL-1β in BALF were only minimally expressed in the two control groups. After LPS administration, the expressions of TNF-α and IL-1β in BALF were markedly increased (P<0.01), and these levels were significantly attenuated by TIIA treatment (P<0.01 and P<0.05, respectively).
TIIA reduced LPSinduced lung apoptosis
To determine whether TIIA could affect LPS-induced apoptosis in lungs, we performed TUNEL staining on lung sections. Results showed that few cells staining positive for TUNEL were detected in saline and TIIA control groups ( figure 5A and 5B). LPS induced more TUNEL-positive cells in lungs in the LPS group (figure 5C), but TIIA treatment resulted in a marked reduction in the number of these cells compared with the LPS group ( figure 5D ). These data suggest that TIIA could therapeutically reduce LPS-induced cell apoptosis in lungs.
To further confirm the effect of TIIA on apoptosis, we used Western blotting to measure two apoptosis-related factors, namely, an anti-apoptotic factor Bcl-2 and a pro-apoptotic factor caspase-3. The results showed that LPS resulted in a significant reduction in the expression of Bcl-2 in the LPS group ( figure 6A, P<0.01) . However, in the LPS/TIIA group, the level of Bcl-2 was significantly increased compared with the LPS group ( figure 6A, P<0.05) . Moreover, compared with 
TIIA inhibited LPSinduced NFκB and HIF1α activation
To explore the mechanisms responsible for the therapeutic effect of TIIA, we investigated two important pathways, NF-κB and HIf-1α, which play key roles in LPS-induced lung injury. Western blotting revealed that a basal level of p-NF-κB and HIf-1α was detected in saline and TIIA control groups, but p-NF-κB and HIf-1α were significantly increased in the LPS group (figure 7A and 7B; P<0.01, respectively). Moreover, we found that the amount of p-NF-κB and HIf-1α were reduced in the LPS/TIIA group (figure 7A and 7B; P<0.05, respectively).
Discussion
Danshen, a herbal drug derived from the dried root or rhizome of Salvia miltiorrhizae Bunge, has been used clinically to manage many diseases, such as angina pectoris, myocardial infarction and stroke. TIIA, one of the key components of Danshen, has been reported to possess the majority of Danshen's properties with few side effects. Previous study have demonstrated that TIIA inhibits the production of pro-inflammatory mediators such as NO, TNF-α, IL-1β, and IL-6 [18] by the inhibition of NF-κB activation in RAW 264.7 cells stimulated with LPS, which are mediated by estrogen receptor activation [19] . In brain microvascular endothelial cells, TIIA concentrationdependently inhibits the synthesis of endothelin-converting enzyme-1 and thus the production of endothelin-1 induced by TNF-α [20] . Additionally, Salvia miltiorrhizae is able to reduce the contents of plasma endotoxin and serum IL-6, promote the expression of Bax protein in pancreas, improve the pathological changes in the pancreas, and decrease the mortality rate of rats, thereby showing a therapeutic effect on rats with severe acute pancreatitis [21] . ALI caused by sepsis is a major and increasing cause of mortality and morbidity worldwide [22, 23] . ALI is a manifestation of systemic inflammatorome induced by various factors in npg the lung and leads to a noncardiogenic respiratory failure [24] , which is characterized by lung inflammation and increased permeability-induced functional disturbance of gas exchange. Because of the unclear pathogenesis and lack of effective treatment, ALI has high mortality and remains a common but incurable critical disease.
Once LPS, an exogenous toxin, enters the bloodstream, it can elicit systemic inflammation that mimics many of the initial clinical features of ALI [25] . Lung is the most frequently involved organ, and ALI/ARDS induced by LPS is the major cause of death [26] . Therefore, the ALI model induced by LPS is commonly used experimentally. Notably, one widely used murine model of ARDS is produced by LPS administered intraperitoneally [27] . In this model, LPS induced many features characteristic of ALI, including early (1-2 h) expression of inflammatory mediators, leukocyte accumulation in lung tissue, pulmonary edema and mortality. As a result, we used this model to reproduce clinical ALI.
Previously, we found that pharmacologic pretreatment with TIIA could significantly reduce lethality in LPS-treated mice and attenuate LPS-induced lung injury both in vivo and in vitro by the inhibition of lung PLA 2 activity, which is possibly associated with the inhibition of NF-κB activation [8] . We also showed that pretreatment with TIIA greatly decreased the production of pro-inflammatory cytokines in both LPS-treated mice and cultured macrophages, which most likely correlated with the inhibition of HIF-1α expression by TIIA [9] . Moreover, we further indicated that pretreatment with TIIA could significantly attenuate the severity of ALI in seawater-challenged rats through the depression of macrophage migration inhibitory factor [12] , aquaporins (AQP) 1 and AQP5 expression [11] and apoptosis [13] and up-regulation of Na + ,K + -ATPase activity [10] . In the present study, we performed experiments to investi- 
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Acta Pharmacologica Sinica npg gate the effect of TIIA treatment in mice after ALI was induced by LPS. According to previous reports, lung tissue damage reaches peaks at 6-8 h and 12-24 h caused by two waves of neutrophil infiltration and sequestration into the lung [28] [29] [30] . As our present study mainly focused on early lung injury, we chose the time point for all measurements 7 h after LPS insult. Results showed that TIIA treatment therapeutically inhibited LPS-induced lung injury in mice, as demonstrated by the improvement in lung morphology and the inhibition of cell injury (assessed by BALf LDH), lung edema (assessed by lung W/D ratio), vascular leakage (assessed by the leak index of Evans blue) and protein leakage (assessed by BALf protein content). These results indicated that TIIA may be useful as a treatment for when ALI has already occured.
It is known that inflammatory responses contribute to lung injury following LPS challenge. After the onset of lung injury by various insults, inflammatory cells are recruited into the lung. Activated neutrophils release inflammatory cytokines, reactive oxygen species, cationic peptides, and hydrolytic proteinase [31] [32] [33] , which display cytotoxic effect on lung tissue cells. Pro-inflammatory cytokines, such as TNF-α and IL-1β, are key mediators and participate in the development of ALI. Therefore, we next examined whether TIIA could therapeutically attenuate LPS-induced inflammatory responses in the lungs. Our results demonstrated that TIIA significantly reduced neutrophil infiltration into the lungs, as evidenced by the decrease in MPO activity in lung homogenates ( figure 4A ) and neutrophil counts in BALf ( figure 4B ). Moreover, we also observed that the expression of TNF-α and IL-1β was inhibited by TIIA ( figure 4C and 4D ). These results indicated that TIIA may reduce immune response in mice with LPS-induced ALI.
Previous studies have shown that apoptosis contributes to ALI/ARDS pathogenesis [33] [34] [35] [36] . Apoptotic cells were found in the damaged alveolar epithelium of patients with ARDS [37] , and in murine models of pulmonary fibrosis and LPS [34, 35, 38] and seawater exposure-induced ALI [13] . Although TIIA could prevent and treat lung injury induced by LPS, little is known about the effect of TIIA on apoptosis in mice with ALI. Therefore, we studied the effect of TIIA on lung apoptosis induced by LPS, which had not been investigated even in the pretreatment experiment.
Apoptosis can be initiated by two alternative convergent pathways: the extrinsic pathway, which is mediated by cell surface death receptors; and the intrinsic pathway, which is mediated by mitochondria. In both pathways, cysteine aspartyl-specific proteases (caspases) are activated, and they then cleave cellular substrates, resulting in the characteristic morphological and biochemical alterations of apoptosis [39, 40] . The point at which most of these pathways culminate is the activation of caspase-3, leading caspase-3 to be considered a pro-apoptotic factor. A number of Bcl-2 family members are important players in apoptosis and in the interactions between the anti-apoptotic members and pro-apoptotic members, which provide an inhibitive factor in modulating apoptotic cell death [41, 42] . Therefore, to further verify the effect of TIIA on apoptosis, in addition to TUNEL staining, we measured two apoptosis-related factors, namely, an inhibitive factor of apoptosis Bcl-2 and a pro-apoptotic factor caspase-3, to observe the occurrence of apoptosis. We showed that TIIA reduced lung tissue cell apoptosis ( Figure 5 ), which was confirmed by the enhancement of Bcl-2 and the inhibition of caspase-3 (figure 6). These observations are similar with those seen in the seawater-induced ALI [13, 43] , which further confirms that the inhibition of apoptosis contributes to the therapeutic effect of TIIA on ALI.
Notable, previous reports show that LPS exposure can upregulate Bcl-2 regardless of airway location and promote the differentiation of proliferating and preexisting epithelial cells into mucous cells [44, 45] . Chronic LPS exposure may cause persistently elevated mucous cell numbers and contribute to mucous hypersecretion and airway obstruction as in chronic lung disease, such as cystic fibrosis or chronic bronchitis [44, 45] . Although these previous reports and our present results appear to be contradictory, they are, in fact, two sides of the same coin. Although LPS can damage some types of cells, such as pulmonary epithelial cells, resulting in lung injury, it also increases the number inflammation-related cells, such as mucous cells, resulting in the chronic lung disease described above. Thus, we may infer that although LPS modulates Bcl-2 expression in mucous cells and pulmonary epithelial cells differently, the final outcomes are similar in that they both lead to lung dysfunction.
To explore the mechanisms responsible for the effect of TIIA, we investigated two main pathways, namely NF-κB and HIf-1α, which are key for the inflammation and apoptosis during LPS-induced ALI. NF-κB, a key pathway in modulating inflammation-related disease, is crucial for the regulation of the inflammatory response and apoptosis in LPSinduced ALI [36, 37] . HIF-1α contributes to the production of inflammatory cytokines, such as TNF-α and IL-6 [7, 46] and modulates cell apoptosis [47] . Remarkably, our results showed that TIIA greatly decreased the activation of NF-κB and HIf-1α pathways (figure 6). These results indicated that the therapeutic effect of TIIA on LPS-induced lung injury was most likely through the inhibition of NF-κB and HIf-1α activation.
Although our present study indicated that the inhibition of HIF-1α and NF-κB pathways contributed to the attenuation of TIIA on LPS-induced ALI, we should state that the effect of TIIA is not exclusively selective for the HIF-1α and NF-κB pathways. MAPKs, which are other crucial pathways in mediating LPS-induced inflammation, could also be inhibited by TIIA. A previous study showed that TIIA inhibited the phosphorylation of P38, ERK, and JNK [48] , which was in an estrogen receptor (ER) subtype-dependent manner [19] in RAW 264.7 cells. As a result, we may infer that TIIA has multiple targets, which at least include the HIF-1α, NF-κB, and MAPKs pathways.
In summary, our study provides evidence that TIIA therapeutically inhibits LPS-induced ALI by the depression of inflammation and apoptosis in mice. The mechanisms accounting for the therapeutic effect of TIIA were most likely via the inhibition of the NF-κB and HIf-1α pathways. At Xu M et al Acta Pharmacologica Sinica npg present, although further studies need to be performed in the clinic, these results provide a basis for employing TIIA in the treatment of ALI.
Author contribution
Min XU conceived the study, participated in the design and helped draft the manuscript; fa-le CAO participated in the design, established animal models and helped draft the manuscript; Yu-fei ZHANG participated in the design, performed the statistical analysis and helped draft the manuscript; Liang SHAN performed the statistical analysis; Xiao-ling JIANG performed H&E and TUNEL staining and microscopic examination; Xiao-jing AN and Wei XU performed the Western blotting; Xiu-zhi LIU performed the ELISA assays; and Xiao-yan WANG performed the other chemical assays. All authors read and approved the final manuscript.
